Introduction
============

While cell migration is essential for normal embryonic development, immune function and angiogenesis, it is also associated with inflammatory disease, vascular impairment and tumor cell invasion ([@B19]; [@B25]). Cell migration is initiated by the activation of cell surface receptors such as receptor tyrosine kinase (RTK) and G protein-coupled receptor (GPCR), leading to the activation of phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. Chemical gradients lead to the local activation of PI3K and the establishment of a phosphatidylinositol 3,4,5-trisphosphate (PtdIns-P3) gradient that ultimately creates polarized Rac or Ras activity ([@B29]; [@B26]).

The mammalian rho subfamily of small G proteins consists of distinct proteins including Rho, Rac and CDC42 ([@B11]). Activation of Rac requires GTP/GDP exchange factors (GEFs), and PtdIns-P3-dependent Rac exchanger 1 (P-Rex1), which is a Rac-GEF, selectively activates Rac through its catalytic Dbl homology (DH) domain. P-Rex1 can be directly activated by Gβγ subunits and PtdIns-P3 ([@B31]). It has been reported that P-Rex1 is activated by GPCR ([@B14]; [@B34]). In addition, P-Rex1 is stimulated by nerve growth factor, which acts through TrkA to activate PI3K and their downstream effectors in the developing nervous system. P-Rex1 is also stimulated by insulin-like growth factor-1 (IGF-1), which modulates cancer cell migration ([@B18]). Moreover, P-Rex1 associates with mammalian target of rapamycin complex 2 (mTORC2) and regulates cancer cell migration via activation of Rac ([@B12]; [@B5]; [@B18]).

Lysophosphatidic acid (LPA, l-acyl-sn-glycerol 3-phosphate) is a phospholipid ligand that normally exists in serum and body fluids ([@B8]). LPA is also regarded as a biomarker for ovarian cancer, and a high level of LPA is detected in ascitic fluids and plasma of ovarian cancer patients ([@B33]; [@B15]). It has been reported that LPA exerts its biological function by interacting with GPCRs, such as LPA1/Edg-2, LPA2/Edg-4 and LPA3/Edg-7 ([@B4]). Occupation of its cognate receptors by LPA triggers activation of various signaling molecules during cell migration. Among them, PI3K is a major signal transducer for LPA-induced cell migration ([@B17]). Although LPA-induced Akt activation is relatively weaker than that of growth factors, migration is strongly induced by LPA compared to growth factors ([@B17]; [@B28]). However, it is still unclear how LPA triggers the activation of PI3K, and LPA induces cell migration through different modulation mechanisms compared to growth factors. In the present study, we provide evidence that LPA induces synergistic activation of P-Rex1 *via* PI3K and Gβγ, thereby leading to maximum migratory activity of cancer cells.

Results
=======

Akt activation and migration are significantly induced by LPA in A549 cells
---------------------------------------------------------------------------

LPA is reportedly involved in a variety of diseases such as atherosclerosis and tumorigenesis ([@B7]; [@B32]). In fact, LPA is originally identified as a tumor-stimulating factor that promotes cancer cell migration ([@B7]; [@B17]). Our results also showed that LPA strongly induced the migration of A549 lung epithelial cancer cells ([Figures 1A and 1B](#F1){ref-type="fig"}). It has been reported that PI3K plays a major role in downstream signaling pathway for LPA-induced MEF cell migration. Indeed, Akt, which is downstream of PI3K, was also activated by LPA treatment as shown in [Figures 1C and 1D](#F1){ref-type="fig"}. However, the activation of Akt by LPA was relatively weaker than that of EGF stimulation ([Figure 1E](#F1){ref-type="fig"}). In contrast, LPA-induced A549 lung cancer cell migration was significantly higher than EGF-dependent migration ([Figure 1F](#F1){ref-type="fig"}). These results indicate that LPA-induced signaling pathway includes additional signaling pathways besides PI3K and Akt signaling pathways during the regulation of cancer cell migration.

LPA-induced migration is controlled by activation of Gβγ and RTK
----------------------------------------------------------------

In order to investigate major signaling pathways that regulate LPA-induced Akt activation and cancer cell migration, we next assessed the effect of specific inhibitors of signaling pathways involved in Akt activation and cell migration. As shown in [Figures 2A and 2B](#F2){ref-type="fig"}, LPA-induced Akt activation and cell migration were completely blocked by LPA 1/3 receptor inhibitor (Ki16425) and PI3K inhibitor (LY294002). However, EGF-induced Akt activation and cell migration did not affected by Ki16425. Interestingly, pretreatment of RTK inhibitor (AG1478) significantly blocked LPA-induced Akt activation, whereas LPA-induced cancer cell migration was partially blocked. Moreover, the inhibition of Gβγ by allein also partially blocked LPA-induced Akt activation and cell migration. Although LPA-induced migration was partially inhibited by either gallein or AG1478, LPA-induced cancer cell migration was completely blocked by simultaneous treatment of gallein and AG1478. On the other hand, the inhibition of RTK completely eliminated EGF-induced Akt activation and cancer cell migration, whereas inhibition of Gβγ had no effect ([Figures 2A and 2B](#F2){ref-type="fig"}). These findings support the idea that both Gβγ and RTK signaling pathways are necessary for LPA-induced cancer cell migration, whereas EGF-induced cancer cell migration is regulated by only RTK signaling pathway. GPCRs transmit signals through heterotrimeric G proteins composed of Gα, Gβ, and Gγ subunits. As shown in [Figures 2C and 2D](#F2){ref-type="fig"}, LPA-induced cancer cell migration was synergistically increased in the presence of low concentration of EGF. In addition, EGF-induced cancer cell migration was also synergistically increased in the presence of low concentration of LPA. Moreover, synergistic increment of Akt activation was regulated by both Gβγ and PI3K and vice versa ([Figures 2E and 2F](#F2){ref-type="fig"}). Therefore, co-activation of Gβγ and PI3K is required for maximum cancer cell migration.

Synergism of cancer cell migration by GPCR and RTK is generalized
-----------------------------------------------------------------

To further generalize the synergistic migration by Gβγ and PI3K, we have evaluated the synergistic activation of cancer cell migration using different set of agonists. Since A549 cells dominantly express insulin-like growth factor-1 (IGF-1) and sphingosine-1-phosphate (S1P) receptors, we verified synergistic induction of migration by IGF-1 and S1P. As shown in [Figures 3A and 3B](#F3){ref-type="fig"}, S1P strongly induced the migration of cancer cells compared to IGF-1-dependent cancer cell migration. In contrast, the activation of Akt by S1P was relatively weaker than that of IGF-1 stimulation as well as LPA-induced Akt activation ([Figures 3C and 3D](#F3){ref-type="fig"}). Interestingly, S1P-induced cancer cell migration was synergistically induced in the presence of low concentration of IGF-1. Moreover, IGF-1-induced cancer cell migration was also synergistically increased in the presence of low concentration of S1P ([Figures 3E and 3F](#F3){ref-type="fig"}). In correlation with this, activation of Akt was synergistically induced by both treatment of S1P and IGF-1 ([Figures 3G and 3H](#F3){ref-type="fig"}). These results indicate that synergistic increment of cancer cell migration by GPCR and RTK could be generalized.

P-Rex1 is the merge point in the synergism of cancer cell migration
-------------------------------------------------------------------

Rac small G proteins have critical roles during migration in a variety of cell types ([@B3]). Our results also showed that LPA and EGF dose-dependently induced the activation of Rac ([Figures 4A and 4B](#F4){ref-type="fig"}). Since Rac small G protein plays critical roles in GPCR- or RTK-mediated cell migration ([@B3]; [@B1]; [@B16]; [@B24]), we evaluated synergistic activation of Rac by Gβγ and RTK. As shown in [Figure 4C](#F4){ref-type="fig"}, Rac was synergistically activated in the presence of both LPA and EGF. Synergistic activation of Rac was partially blocked by inhibition of either Gβγ or RTK. In addition, inhibition of both Gβγ and RTK completely blocked activation of Rac. These results suggest that LPA-induced Rac activation requires both Gβγ and RTK. Recently, it was reported that P-Rex1, a Rac guanine nucleotide exchange factor, stably interacts with the mTOR complex and Akt ([@B13]; [@B31]; [@B12]; [@B18]). Therefore, we examined the effect of P-Rex1 on the synergistic activation of Rac. Silencing of P-Rex1 attenuated the synergistic activation of Rac ([Figure 4D](#F4){ref-type="fig"}). Moreover, LPA- and EGF-induced synergism of migration and invasion was abolished by knock-down of P-Rex1 ([Figures 4E and 4F](#F4){ref-type="fig"}). Since GRCR- and RTK-induced cancer cell invasion is mediated by matrix metalloproteinases (MMP) including MMP-2 and MMP-9, we examined the synergistic activation of MMP-2 and MMP-9 by Gβγ and RTK. As shown in [figure 4G](#F4){ref-type="fig"}, MMP-2 was also synergistically activated by LPA and EGF, however, MMP-9 was not affected. Moreover, synergistic activation of MMP-2 was abolished by silencing of P-Rex1. These results indicate that RTK- and GPCR-mediated synergistic activation of Rac and MMP-2 are controlled by P-Rex1.

Discussion
==========

In this study, we examined synergistic pathway of cancer cell migration. Plethora of reports suggests that ascites from cancer patients contain inducing factors for migration in many cell types. In fact, LPA is a major component of ascites from ovarian cancer patients (AOCP) that induces MEF cell migration ([@B17]; [@B20]) and LPA is an important predictor of cancer diagnosis ([@B33]; [@B7]). Indeed, LPA dramatically stimulated A549 lung epithelial cancer cell migration ([Figures 1A and 1B](#F1){ref-type="fig"}). Although PI3K is mainly activated by the RTK-mediated signaling pathway, it seems likely that PI3K signaling pathway is also important for LPA-induced cancer cell migration. For example, the inhibition of PI3K virtually blocks LPA-induced migration in a number of cancer cells ([@B1]). In addition, Akt, which is downstream of PI3K, was also activated by LPA treatment as shown in [Figures 1C and 1D](#F1){ref-type="fig"}. Therefore, it seems likely that PI3K plays crucial roles in LPA-induced cancer cell migration.

Although PI3K seems to be a key regulator of GPCR-dependent cancer cell migration, the degree of cancer cell migration does not match with the degree of PI3K activity. For instance, LPA-induced cancer cell migration was about 2-fold higher than that of EGF-induced migration, whereas LPA-induced activation of Akt was 3\~4-fold lower than that of EGF stimulation ([Figures 1E and 1F](#F1){ref-type="fig"}). Similarly, it has been reported that LPA-induced gastric cancer cell migration is also higher than EGF-induced migration ([@B28]). Moreover, although S1P-induced Akt activation was relatively weaker than that of IGF-1 stimulation, S1P strongly induced cancer cell migration compared to IGF-1 ([Figures 3A-3D](#F3){ref-type="fig"}). Therefore, it is possible that GPCR-dependent signaling pathway includes additional signaling pathways besides PI3K/Akt signaling pathways during the regulation of cancer cell migration.

LPA receptors are mainly coupled to Gαi, Gα12/13, and Gq interacting with Gβγ proteins ([@B23]). The inhibition of both Gαi and Gβγ with pertussis toxin completely blocks LPA-induced migration ([@B6]). In addition, it has been reported that Gβγ rather than Gαi, Gα12/13, and Gq plays crucial roles in chemotaxis of HEK293 cells ([@B21]; [@B22]). In line with this, our results also showed that selective inhibition of Gβγ by gallein or RTK by AG1478 suppressed but not completely LPA-induced cancer cell migration. It is also notable that inhibition of both Gβγ and RTK completely blocked LPA-induced cancer cell migration. On the other hand, inhibition of RTK completely blocked EGF-induced cancer cell migration, whereas inhibition of Gβγ did not affect ([Figure 2B](#F2){ref-type="fig"}), indicating that EGF can evoke migration of cancer cells in the absence of Gβγ activation unlike LPA. Therefore, these results suggest that LPA renders RTK-dependent activation of PI3K as well as Gβγ activation, and the activation of both PI3K and Gβγ results in higher migration in comparison with EGF stimulation by which PI3K is activated solely.

If additional Gβγ signaling pathway in LPA stimulation is one of the reasons for higher migration in comparison with EGF stimulation, EGF-stimulated cancer cell migration should be significantly enhanced by additional Gβγ activation. Indeed, EGF-induced cancer cell migration was synergistically enhanced in the presence of low concentration of LPA ([Figure 2D](#F2){ref-type="fig"}). In addition, IGF-1-induced cancer cell migration was also synergistically accelerated in the presence of low concentration of S1P ([Figure 3F](#F3){ref-type="fig"}). Since Gα is not involved in cell migration ([@B22]), the responsible factor for synergistic increment of cancer cell migration would be Gβγ. Requirement of both PI3K and Gβγ signaling pathways for maximum cancer cell migration was examined by similar experiment. For instance, LPA-induced cancer cell migration was also synergistically elevated in the presence of low concentration of EGF ([Figure 2C](#F2){ref-type="fig"}). Likewise, S1P-induced migration of cancer cell was synergistic increased in the presence of low concentration of IGF-1 ([Figure 3E](#F3){ref-type="fig"}), indicating that saturation of PI3K activity is critical for maximum cancer cell migration. Therefore, these results suggest that the activation of both Gβγ and PI3K is generalized to induce maximum cancer cell migration.

The activation of Rac is the most important determinant for many types of cell migration. ([@B3]; [@B1]; [@B16]; [@B24]). Indeed, the activation of Rac was dramatically induced by LPA and EGF in a dose-dependent manner ([Figures 4A and 4B](#F4){ref-type="fig"}). Since cancer cell migration was synergistically induced by simultaneous activation of Gβγ and PI3K, it is possible that maximum Rac activation will be acquired in the presence of both Gβγ and PI3K signaling pathway. As shown in [Figures 4A and 4B](#F4){ref-type="fig"}, the activation of Rac was not observed in the presence of minimum dose of either LPA or EGF. By contrast, Rac was significantly activated in the presence of both LPA and EGF. It is also notable that synergistic activation of Rac was partially blocked by inhibition of either Gβγ or RTK, whereas the inhibition of both Gβγ and RTK completely blocked synergistic activation of Rac by LPA and EGF ([Figure 4C](#F4){ref-type="fig"}). Therefore, these results suggest that LPA-induced maximum cancer cell migration is achieved by synergistic activation of Rac through Gβγ and PI3K signaling pathways.

It is likely that LPA can stimulate RTK signaling pathway in addition to Gβγ signaling pathway. Transactivation of RTK seems to be achieved by the generation of active growth factors. For example, our results showed that LPA-induced cancer cell migration was completely blocked by PI3K inhibitor ([Figure 2B](#F2){ref-type="fig"}). In addition, PI3K inhibitor also impaired LPA- and EGF-induced synergistic activation of Rac ([Figure 4C](#F2){ref-type="fig"}). On the other hand, inhibition of RTK partially blocked LPA-induced cancer cell migration indicating that LPA possesses signaling pathways leads to Rac activation in addition to transactivation of EGF receptor. Similarly, it has been reported that Gβγ is one of the important molecules of PI3K activity and regulates cancer cell migration ([@B14]). In fact, as shown in [Figure 4C](#F4){ref-type="fig"}, synergistic activation of Rac was not completely blocked by RTK inhibitor in comparison with PI3K inhibitor. Indeed, it has been reported that stimulation of squamous cell carcinoma cell lines with GPCR agonists evokes the tyrosine phosphorylation of EGFR and activation of PI3K ([@B9]; [@B27]). Since the inhibition of metalloproteinase blocks GPCR agonist-induced activation of EGFR, the communication between GPCR and EGFR signaling systems involves cell surface proteolysis of EGF precursors ([@B10]). In addition, expression of metalloproteinase is completely blocked by the inhibition of Gβγ ([@B30]; [@B35]).

One possible mediator for synergistic activation of Rac seems to be P-Rex1, which is a Rac guanine nucleotide exchange factor. Indeed, it has been reported that P-Rex1 is dually activated by Gβγ and PtdIns-P3 which is a product of PI3K ([@B31]; [@B14]). In fact, synergistic activation of Rac was completely abolished by silencing of P-Rex1 ([Figure 4D](#F4){ref-type="fig"}). Moreover, silencing of P-Rex1 also eliminated synergism of cancer cell migration and invasion ([Figure 4E and 4F](#F4){ref-type="fig"}). Synergistic activation of MMP-2 was abolished by silencing of P-Rex1, however, MMP-9 was not affected ([Figure 4G](#F4){ref-type="fig"}). In this regard, LPA can activate both Gβγ and PI3K through transactivation of RTK, thereby leads to full activation of Rac and MMP-2 as well as P-Rex1. However, it seems likely that PI3K alone partially activates P-Rex1 thereby weakly inducing activation of Rac and MMP-2, which is the reason of relatively low migration and invasion of EGF stimulation in comparison with LPA stimulation.

Concerning about synergistic activation of Akt by GPCR and RTK ([Figures 2E, 2F](#F2){ref-type="fig"}, [3G and 3H](#F3){ref-type="fig"}), positive feedback mechanism would be one plausible explanation. It has been reported that P-Rex1 forms molecular complex with mTORC2, Akt, and Rac ([@B34]; [@B18]). Particularly, expression of constitutively active form of Rac enhances activation of Akt and expression of constitutively active form of Akt enhances activation of Rac ([@B13]). In correlation with this, synergistic activation of P-Rex1 by providing both LPA and EGF resulted in synergistic activation of Rac ([Figure 4D](#F4){ref-type="fig"}), thereby leaded to synergistic activation of Akt ([Figures 2E, 2F](#F2){ref-type="fig"}, [3G and 3H](#F3){ref-type="fig"}). Therefore, these results suggest that positive feedback activation of Rac by Akt is important for full activation of Rac in addition to activation of Rac by synergistic activation of P-Rex1 through Gβγ and PI3K.

In conclusion, co-activation of Gβγ and PI3K regulates synergistic activation of P-Rex1, thereby full activation of Rac as well as migration. This study provides mechanistic insight into the activation of P-Rex1 by LPA and the synergism between Gβγ and PI3K pathways. Moreover, our results suggest that P-Rex1 could provide advanced strategies for cancer therapy.

Methods
=======

Reagents and antibodies
-----------------------

DMEM, FBS, trypsin-EDTA, and antibiotics were purchased from Hyclone Laboratories, Inc. (Logan, UT). Anti-pan-Akt and anti-phospho-Akt (Ser473) were obtained from Cell Signaling Technology (Boston, MA). Anti-Rac antibody was purchased from Millipore (Billerica, MA). Anti-MMP-2 and Anti-MMP-9 antibodies were purchased from Santa Cruz Biotechnology Inc. (Beverly, MA). DAPI was purchased from Molecular Probes, Inc. (Carlsbad, CA). IRDye700- or IRDye800-conjugated rabbit or mouse secondary antibody was obtained from Li-COR Bioscience (Lincoln, NE). Ki16425 (a LPA receptor 1/3 inhibitor), gallein (a Gβγ inhibitor), AG 1478 (a tyrosine kinase inhibitor of EGFR), LY294002 (a PI3K inhibitor), recombinant human IGF-1, recombinant human LPA, recombinant human EGF, recombinant human S1P and all other reagents were high quality and were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise indicated.

Cell culture and transfection
-----------------------------

A549 cells were cultured in DMEM supplemented with 10% (v/v) FBS and penicillin/streptomycin, and maintained at 37℃ in 5% CO~2~. For transient expression, HEK293FT cells were transfected with various plasmids by the calcium phosphate method. Cell-free culture supernatant and cells were harvested for viral infection.

Western blotting and analysis of mRNA expression
------------------------------------------------

Western blotting and analysis of mRNA expression were performed as described in a previous report ([@B18]).

Gelatin zymography
------------------

The extracellular medium was concentrated using an Amicon Centricon from Millipore, and then electrophoretically separated onto 8% SDS-polyacrylamide gels containing 1 mg/ml gelatin. After being washed with wash buffer (2.5% Triton X-100 in 50 mM Tris-HCl, pH 7.4), the gel was stained with 0.2% Coomassie Brilliant Blue R-250 from Sigma-Aldrich for 2 h and then distained in the same solution without dye. Zymographic results were expressed as MMP proteolytic activity.

Rac activation assay
--------------------

The level of active GTP-bound Rac was determined by pulling-down GTP-bound Rac with GST-PAK-RBD coupled to glutathione agarose beads. Cells were co-stimulated with LPA and EGF for 5 min and then lysed with lysis buffer containing 50 mM Tris (pH 7.5), 1% Nonidet P-40, 150 mM NaCl, 5 mM MgCl~2~, 10% glycerol, 1 mg/ml leupeptin, 1 mg/ml aprotinin and 1 mM phenylmethylsulfonyl fluoride. Lysates were centrifuged, and supernatants were incubated with beads coupled to GST-PAKRBD for 2 h at 4℃. Beads were washed with lysis buffer and bound GTP-loaded Rac was eluted with sample buffer. The amount of active Rac was determined by western blot analysis.

Migration assay and invasion assay
----------------------------------

The migration of A549 cells was measured as described previously ([@B18]). For invasion assays, A549 cells were serum-starved for 12 h (1 × 10^5^) and overlaid on top of a 24-well Trans-well plate (Corning Costar Corp., Cambridge, MA) containing artificial basement membrane produced by 1 mg/ml of Matrigel (BD Bioscience, San Jose, CA). Invasion was induced by placing the cells on overlaid inserts of serum-free medium either in the absence or presence of LPA and EGF for 24 h. The insert was fixed with 4% paraformaldehyde, and non-migratory cells on the top-side of the membrane were removed by gently wiping with a cotton swab. The membrane was stained with DAPI, and invasive cells were counted under the fluorescence microscope at × 10 magnification (Axiovert200, Carl Zeiss, Jena).

Lentiviral gene silencing
-------------------------

For generation of lentiviruses expressing shRNA, HEK293FT cells were co-transfected with pLKO.1 constructs (2 µg), pVSV-G (0.2 µg) and Δ8.9 (2 µg) by the calcium phosphate method as described previously ([@B18]). Target sequence was 5\'-ggaccatgctggaggacatct-3\' (sh-P-Rex1).

Statistical analysis
--------------------

Results are expressed as the means ± S.D. of two independent experiments (*n* = 3 for each experiment). When comparing two groups, an unpaired Student\'s *t*-test was used to address differences. *P*-values \< 0.05 were considered significant and indicated by ^\*^. *P*-values \> 0.05 were considered insignificant and indicated by ^\*\*^.
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![LPA dramatically induces cancer cell migration compared to EGF. A549 cell migration was stimulated with LPA (10 µM) for the indicated time or at the indicated dose for 10 h (A, B). Akt phosphorylation was treated with LPA (10 µM) for the indicated time or at the indicated dose of LPA for 10 min and detected by western blotting with phospho-Akt (Ser473) and total Akt (C, D). Western blotting (E) and migration (F) were determined by individually treatment with LPA (10 µM) or EGF (50 ng/ml). ^\*^*P* \< 0.05.](emm-44-483-g001){#F1}

![The activation of Gβγ and RTK is critical for LPA-induced cancer cell migration. (A) Akt activation by LPA (10 µM) and EGF (50 ng/ml) for 10 min was detected by western blotting with phospho-Akt (Ser473) and total Akt antibodies. (B) Migration of A549 cells was determined in the absence or presence of various inhibitors such as LPA receptor inhibitor (Ki: Ki16425, 2 nM), Gβγ inhibitor (Gal: gallein, 10 µM), RTK inhibitor (AG: AG1478 100 nM), PI3K inhibitor (LY: LY294002, 10 µM) or gallein together with AG1478 or LY294002 upon LPA (10 µM) or EGF (50 ng/ml) stimulation for 10 h. The chemotactic migration of A549 cells induced by either LPA (10 nM) with the indicated dose of EGF (C) or EGF (50 pg/ml) with the indicated dose of LPA for 10 h (D), and phosphorylation at Ser473 of Akt and total Akt levels were assessed by western blotting (E, F). ^\*^*P* \< 0.05, ^\*\*^*P* \> 0.05.](emm-44-483-g002){#F2}

![Synergistic acceleration of cancer cell migration is regulated by both GPCR and RTK. A549 cell migration was stimulated with S1P and IGF-1 at the indicated dose for 10 h (A, B). Akt phosphorylation was stimulated by the indicated dose of S1P (C) and IGF-1 (D) for 30 min and verified by western blotting with phospho-Akt (Ser473) and total Akt. The chemotactic migration of A549 cells induced by either IGF-1 (500 pg/ml) with the indicated dose of S1P (E) or S1P (1 nM) with the indicated dose of IGF-1 for 10 h (F). Phosphorylation at Ser473 of Akt and total Akt were stimulated by either IGF-1 (500 pg/ml) with the indicated dose of S1P (G) or S1P (1 nM) with the indicated dose of IGF-1 for 30 min (H).](emm-44-483-g003){#F3}

![P-Rex1 plays an essential role in synergism of Gβγ- and PI3K-dependent migration. LPA- and EGF-induced dose-dependent activation of Rac for 5 min was determined by measuring the GTP form of Rac as described in \'Materials and methods\' (A, B). (C) A549 cells were pretreated for 20 min with various inhibitors such as Ki16425 (2 nM), gallein (10 µM), AG1478 (100 nM), LY294002 (10 µM) or gallein together with AG1478 or LY294002, followed by stimulation with LPA (10 nM) and EGF (50 pg/ml) for 5 min. (D) After knock-down of P-Rex1, activation of Rac was determined by measuring the GTP form of Rac and expression of P-Rex1 was determined by RT-PCR. (E) Motility after silencing P-Rex1 was determined by migration assay for 10 h. (F) LPA (10 nM)- and EGF (50 pg/ml)-induced cancer cell invasion for 24 h was measured as described in \'Materials and methods\' section. ^\*^*P* \< 0.05. (G) Cells were stimulated with LPA (10 nM), EGF (50 pg/ml) or together with LPA and EGF for 24 h. MMP-2 protein expression and gelatinolytic activity were analyzed by western blotting (WB) and gelatin zymography (Zym), respectively.](emm-44-483-g004){#F4}
